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The magnetization measurements have been performed on 
the doped spin gap system TlCui-^Mg^Cbj with x < 0.025. 
The parent compound TICUCI3 is a three-dimensional cou- 
pled spin dimer system with the excitation gap A/fce = 7.7 K. 
The impurity-induced antiferromagnetic ordering was clearly 
observed. The easy axis lies in the (0,1,0) plane. It was 
found that the transition temperature increases with increas- 
ing Mg 2+ concentration x, while the spin-flop transition field 
is almost independent of x. The magnetization curve suggests 
that the impurity-induced antiferromagnetic ordering coexists 
with the spin gap for x < 0.017. 

PACS number 75.10.Jm, 75.30. Kz, 75.40. Cx, 75.50.Ee 



The singlet ground state with an excitation gap (spin 
gap) has been found in many quantum spin systems such 
as the Haldane chain, spin-Peierls system, spin ladder, 
exchange alternating chain, and coupled spin dimer sys- 
tem. These spin gap systems do not undergo magnetic 
ordering down to zero temperature. In the last decade, 
however, it has been found that very small amounts of 
nonmagnetic site impurities can give rise to antiferro- 
magnetic ordering in these spin gap systems []l]-|| . When 
nonmagnetic ions are substituted for magnetic ions, the 
singlet ground state is disturbed so that staggered mo- 
ments are induced around the impurities. If the in- 
duced moments interact through effective exchange in- 
teractions, which are mediated by intermediate singlet 
spins, three-dimensional (3D) long-range order can arise. 
Such impurity-induced magnetic ordering is a new type 
of phase transition caused by the quantum effect. 

Impurity-induced magnetic ordering of spin gap sys- 
tems was first observed in Zn 2+ -doped CuGeC>3 [1|, 
which is a well-known inorganic spin-Peierls material [7|, 
and was precisely investigated in Mg 2+ -doped CuGeC>3 
j|. Magnetic ordering due to pinning of lattice dimer- 
ization by doped nonmagnetic impurities was also ob- 
served in CuGei_a;Si x 03 [||. In Cui-^Zn^GeOs and 
CuGei-zSirOs with low x, the coexistence of lat- 
tice dimerization and antiferromagnetic ordering has 
been observed in neutron scattering experiments 
Impurity-induced antiferromagnetic ordering was also 
observed in Zn 2+ -doped antiferromagnetic two-leg spin 
ladder SrCu 2 03 H and the Mg 2+ -doped Haldane sys- 
tem PbNi2V20g H- The site-impurity effect on spin gap 
systems has been argued theoretically by many authors 
[PHy], and impurity-induced antiferromagnetic ordering 
has been demonstrated. 



As mentioned above, experimental studies of impurity- 
induced antiferromagnetic ordering have been performed 
only on quasi-lD systems to date. Therefore, for compre- 
hensive understanding of impurity-induced antiferromag- 
netic ordering, it may be necessary to study the impurity 
effect on 3D spin gap systems. With this motivation, we 
studied the magnetic properties in the Mg 2+ -doped spin 
gap system TICUCI3 by means of magnetization measure- 
ments. 

TICUCI3 has the monoclinic structure (space group 
P2i/c) 12 1. The crystal structure is composed of pla- 
nar dimers of CU2CI6. The dimers are stacked on top 
of one another and form infinite double chains parallel 
to the crystallographic a-axis. These double chains are 
located at the corners and center of the unit cell in the 
b — c plane, and are separated by Tl + ions. The magnetic 
ground state of TICUCI3 is the spin singlet with excita- 
tion gap A = 7.7 K p2|-^4[. From the analyses of the dis- 
persion relation obtained by neutron inelastic scattering, 
it was found that the origin of the spin gap of TIC11CI3 
is the strong antiferromagnetic interaction J = 5.68 meV 
in the chemical dimer CU2CL5, and that the neighboring 
dimers are coupled by the strong interdimer interactions 
along the double chain and in the (1, 0, —2) plane fll5| , |l6| | . 
Consequently, TICUCI3 was characterized as a strongly 
coupled 3D spin dimer system. 

Before preparing the doped TlCui-^Mg^CLj system, 
we prepared single crystals of TICUCI3. The prepara- 
tion of a single crystal of TICUCI3 is described in refer- 
ence |4). Mixing TICuClg, T1C1 and MgCl 2 in a ratio 
of 1 — x : x : x, we prepared TlCui^Mg^Cla by the 
vertical Bridgman method. We obtained single crystals 
of 1-3 cm 3 with x = 0.008, 0.014, 0.017, 0.020, 0.022 
and 0.025. The magnesium concentration x was analyzed 
by emission spectrochemical analysis after the measure- 
ments. Samples used for magnetic measurements were 
cut to 50 ~ 150 mg. The magnetizations were measured 
down to 1.8 K in magnetic fields up to 7 T using a SQUID 
magnetometer (Quantum Design MPMS XL). 

First, we measured the temperature dependence 
of the magnetic susceptibilities \ = M/H in 
TlCuo.975Mg .o25Cl3 under the magnetic field of H = 
0.1 T perpendicular to the cleavage planes (0,1,0) and 
(1, 0, 2), and along the [2, 0, 1] direction which is parallel 
to both (0,1,0) and (1,0,2) planes, respectively. These 
three field directions are orthogonal to one another. The 
results are shown in Fig. [I]. With decreasing tempera- 
ture, the magnetic susceptibilities display broad maxima 
at T — 36 K and decrease, as observed in pure TICUCI3 
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|^2|,0. However, the magnetic susceptibilities increase 
again below 7 K, and then exhibit sharp bend anomalies 
at Tn = 3.5 K, which is indicative of magnetic order- 
ing, for H J_ (1, 0, 2) and H || [2, 0, 1], whereas the mag- 
netic susceptibility for H \\ b increases monotonically. 
Below Tn, the magnetic susceptibility for H _L (1,0,2) 
is almost independent of temperature, while that for 
H || [2,0,1] decreases. These results indicate that the 
antiferromagnetic ordering induced by Mg 2+ doping oc- 
curs at Tn = 3.5 K, and that the easy axis is in the 
(0, 1,0) plane and is close to the [2,0, 1] direction. 

In order to determine the easy axis, we measured the 
magnetic susceptibility in TlCuo.98oMgo.o2oCi3, varying 
the field direction in the (0, 1, 0) plane at T = 1.8 K. The 
susceptibility minimum was observed, when the magnetic 
field was at an angle of 38° with the a-axis. This implies 
that the easy axis is canted by 38° from the a-axis. Since 
the angle between the [2, 0, 1] direction and the a-axis is 
51°, the angle between the [2, 0, 1] direction and the easy 
axis is 13°. 

Figure || shows the low-temperature magnetic suscep- 
tibilities in TlCuo.978Mgo.022 Cl 3 measured at H = 0.1 T. 
The magnetic field was applied along the 6-axis, the easy 
axis and the hard axis in the (0, 1, 0) plane, which are or- 
thogonal to one another. With decreasing temperature, 
the magnetic susceptibility of the easy axis decreases to- 
ward zero below Tn = 3.45 K, while the others increase 
monotonically. This behavior is indicative of an antifcr- 
romagnet with collinear ordering. 

Figure || shows the 

magnetization curves of TlCuo.978Mg .o22Cl3 measured 
at T = 1.8 K for H || easy axis, hard axis and o-axis. For 
H || easy axis, the spin- flop transition is clearly observed 
at H sp = 0.32 T, while no transition is observed for the 
other field directions. From these results, it is evident 
that collinear antiferromagnetic ordering along the easy 
axis arises below Tn. The sharp cusplike maximum of the 
susceptibility at Tn and the sharp spin-flop transition in- 
dicate the good homogeneity of the present sample at the 
macroscopic scale. 

Figure ^ shows the temperature dependence of the 
magnetic susceptibilities in TlCu 1 _ x Mg x Cl3 with vari- 
ous x for H || [2,0,1]. The magnetic field of 0.1 T was 
applied in the measurements. For x — 0, no anomaly 
indicative of the magnetic ordering can be seen down to 
1.8 K, although a slight increase of the magnetic suscep- 
tibility was observed due to a small amount of impuri- 
ties or lattice defects. On the other hand, the cusplikc 
anomalies indicative of antiferromagnetic ordering were 
clearly observed for i ^ 0. With increasing x, the tran- 
sition temperature Tn and the magnitude of the mag- 
netic susceptibility increase. The transition temperatures 
for x < 0.025 were plotted in Fig. || as a function of 
x. The transition temperature Tn shows a tendency to 
saturate at Tn ~ 3.5 K. Although the behavior of the 
phase transition for x > 0.025 is of great interest, the 



measurements were not performed, because it is difficult 
to prepare good single crystals of TlCui-^Mg^Cls with 
x > 0.025 at present. 

It is considered that the direction of the easy axis does 
not strongly depend on x, and is close to the [2, 0, 1] direc- 
tion, because the susceptibilities for various x display a 
similar cusplike anomaly for H || [2, 0, 1] , as shown in Fig. 
|]. Thus, it is expected that the spin-flop transition is ob- 
served for H || [2, 0, 1], and the transition field is close to 
that for H | easy axis. Figure || shows the magnetiza- 
tion curves of TlCui_ x Mg x Cl3 with various x measured 
at T = 1.8 K for H || [2,0, 1]. For x = 0, the magnetiza- 
tion is almost zero up to the gap field H g — A/g/iB ~ 6 
T, and then it increases rapidly. For x ^ 0, the magneti- 
zation increases with a finite slope, and exhibits a jump 
indicative of the spin-flop transition at H « 0.35 T with 
increasing magnetic field. It is noted that spin-flop field 
H sp is almost independent of x, although the amount of 
the magnetization jump increases with increasing x. 

A theoretical description of the spin-flop transition in 
the impurity-induced antiferromagnetic phase has not 
been established to date. In the conventional antiferro- 
magnet, spin-flop field H sp is proportional to the square 
root of the product of anisotropy energy and the ex- 
change interactions and the magnitude of the spin mo- 
ment. The small value of « 0.35 T of spin-flop field 
H sp may be indicative of the low induced spin moments 
around the impurities or the low anisotropy energy. At 
present, however, we have no explanation for why the 
spin-flop field is independent of x. 

For x < 0.017, the magnetization tends to increase at 
H ~ 6 T, which is almost the same as the « 6 T of gap 
field H g of pure TICUCI3, as shown in Fig. ^. This sug- 
gests that the excitation gap remains for x < 0.017, i.e., 
antiferromagnetic ordering coexists with the excitation 
gap. If the gap remains, field-induced magnetic ordering 
may occur, as observed in pure TlCuCl 3 In 
TICUCI3, the magnetization has the cusplike minimum at 
the transition temperature (ljjl^l . This behavior can be 
described in terms of the Bose-Einstein condensation of 
the excited triplets (magnons) p9| . In the ordered phase, 
transverse staggered magnetic ordering with respect to 
the applied magnetic field occurs [|9|-^lJ. This trans- 
verse staggered magnetic ordering, in which two spins on 
the same dimer are antiparallel, was confirmed by neu- 
tron elastic scattering analysis in high magnetic fields for 
H || b Jlq]. For this field direction, it was observed that 
spins lie in the (0,1,0) plane at an angle of 39° to the 
a-axis. This spin direction is almost the same as that of 
the easy axis in the impurity-induced antiferromagnetic 
phase for TlCuo.978Mgo.o22Ci3. Thus, the relation be- 
tween the impurity-induced antiferromagnetic phase and 
the field- induced ordered phase is of great interest. 

In order to investigate whether or not field-induced 
magnetic ordering occurs in Mg 2+ -doped TICUCI3, we 
examined the temperature dependence of the magnetiza- 
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tion in TlCuo.992Mg .oo8Ci3 at various magnetic fields up 
to 7 T for H || [2, 0, 1]. However, no definite phase tran- 
sition was detected due to the large Curie- Weiss term, 
although a fairly sharp inflection point indicative of the 
phase transition was observed for H > 5 T. Thus, other 
experiments such as specific heat and neutron scattering 
measurement are required in order to determine whether 
field-induced magnetic ordering occurs also in Mg 2+ - 
doped TlCuCl 3 . 

In conclusion, we carried out magnetization measure- 
ments in TlCui-^Mg^Cla. Impurity-induced antiferro- 
magnetic ordering was clearly observed for 0.008 < x < 
0.025. It was found that the easy axis of the magnetic 
moments lies in the (0,1,0) plane at an angle of 38° to 
the a-axis. For x < 0.025, the transition temperature 
increases with increasing x, while the spin-flop field is 
almost independent of x. The magnetization curve sug- 
gests that the energy gap remains even in the ordered 
phase for x < 0.017. 
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T(K) 

FIG. 1. Temperature dependence of the magnetic sus- 
ceptibilities x — M/H in TlCuo.975Mgo.o25Cl3 measured at 
H = 0.1 T for H || b, H _L (1, 0, 2) and H || [2, 0, 1]. 
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FIG. 3. Magnetization curves in TlCuo.978Mgo.o22Ci3 mea- 
sured at T = 1.8 K for H | easy axis, H | hard axis in the 
(0, 1, 0) plane and H \\ b. The values of magnetization are 
shifted upward by 10 emu/mol. 



4 
3 

2" 

~ 2 
\— 

1 



(■ 



























TI(Cu,. x lV 


9x)CI 3 










+ 



0.00 0.01 0.02 0.03 0.04 0.05 

Mg concentration x 
FIG. 5. Phase transition temperature Tn as a function of 
x in TlCui-^Mg^Cla. The solid line is a guide for the eyes. 
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FIG. 6. Magnetization curves of TlCui-^Mg^Cla mea- 
sured at T = 1.8 K for H || [2, 0, 1] for various x. The values 
of magnetization are shifted upward by 10 emu/mol with in- 
creasing x. 
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